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SUMMARY

;11_ im,estigation was comlucted on a turbulel_t boundary

laller near a ,_mooth surf(we with pressure gradients _.uffieienl
to cause flow separation. The Reym,lds number was high,

but the speeds were eTdirely within tlte incompressible flow

range. The investigation consisted (_ measurements o.{ mean

flow, three components _J turbulenee inten,sit!l, turbulent shearing

,_tre,% and correlations betweel_ two fluctuation components" at

a point and betweel_ the same component at different point_'.
Tke results are giren i_ _he.form o,f tables and graphs. The

discussion deals fir,st with separation and then with, the more

tu,damental que,_tbm qf basic concepts oJ turbulent few.

INTRODUCTION

In 1944 an experimental investigation was begun at the
National Bureau of Standards with the cooperation and

financial assistance of the National Advisory Committee for

Aeronautics to h.avn as much as possible about turbulent-

boundary-layer separation. Considering that previous ex-

perimentation had been limited to mean speeds and pressures,
it was decided that the best way to t)ring to light new in-
format ion was to invest igate the t url)ulence itself in rela!ion

to lit4' mean properties of the layer. Since litlh, was known
about turbulent 1)oundary layers in large adverse pressure

gradients, the invesiigation was exploratory in torture anti

was pro'sued on the assuml)tion tliat whatever kind of
measurements that eouhl be made on turl)uh,nee anti

tut'l)ulent processes would carry ill<, invesligi_iion in the

right direction.
The invesligalion was therefore long range, there being no

natural stol)ping point as hmg as there remained unknowns
and means for investigating them. The decision Io stop

came when it was decided that the more basic properties of

turbulent motions, such as production, decay, and diffusion,

which form the subject of inodern theories, could trailer t)e

investigated first without the effect of pressure gradient.

The experimental wm'k on separation was therefore halted
after a certain fund of information had been el)rained on

lurbulence intensity, tm't)ulent shearing stress, com'elalion

eoelTwients, and the scale of turl)ulent motions.
Use was made of the resulls from lime to time as they

could be made to serve a l)articular purpose. Certain of the

results have appeared therefore in references I to 3. It is
now felt that the results shouhl be presented in their entirety

for what they contril)ute to the separation prol)lem and to

the understanding of turbulent flow, even though they leave

many questions unanswered.
964417
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SYMBOLS

distance along surface frorn forward stagnation

point
distance normal to surface measured from

Slll'face

direction perpendicular to xy-plane

mean velocity in boundary layer
mean veh)city jus_ outside boun<lary layer

mean vehwity just outside boundary layer at

,r-- 17k: feet, used as reference velocity

y-component of mean velocity in boundary layer

x-, y-, and z-components of turtmlent-veh)city
flue! ua!ions

root-mean-square values of u, v, and w

density of air
kinematic viscosity of air

pFOSSllFO

free-sl, realn dynflnlic pressure (I 0 _ =)

free-stream dynamic pressure at x=17}_ feet

t urbuh'nt shearing stress (-- p_)

mean value of product of u and v
eoeffit'ienls of lurl)uh'nt, shearing stress

C,= _ Lq:, G= = U,,,'-'

skin f,'ietion

(/)eoefficic, nt of skin friction re '2 pU_"

boundary-layer th ickness

1)oundary-layer displacement thickness

- _o l U(£
t)oundary-layor momentum thickness

[r 1 U

boundary-layer shape parameter (fi*/0)
scales of ludmlence

I Super_-des NACA TN- 2133, "htvestigraion of geparatDn of the Turbulen[ Boundary

L:l.yer" by C,. B. Schubauer emd P. S. Klebanoff, 19.'7£,.
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/_u transverse correlation coefficient (ulu_/uJu/,

Mwre subscripts 1 and 2 refer to positions yl
and Y2)

R_ hmgitudinal correlation eoemcient (ulu._/u_'u/,

where subscripts 1 and 2 refer to positions x_
and za)

APPARATUS AND TEST PROCEDURE

The stqup for tile investiglllion was arranged with two

things in mind: (1) The Reynohls nmnber was to be as high

as possible and (2) tilt, lmlmdary layer was to be thick
enough to permit reasonably accurate measurements of all

components of ill{, tul'lmlenee intensily anti shearing stress
t)3, hot-wire h,chniques xvllich were |.:nown lo be reliallle.

Since this required a large setup, ill{' 10-foot open-air wind

lunnel at Ill{, National Bureau of _landal'dS was chosen,

and a wall of airfoil-like section shown in figures 1 and '2
was eonstrm'ted in the eenler of the It,st seetilm. The wail

was 10 feel high, exlending front floor to eeiling, and was 27.9
feel long. It wa._ eonslrucled tlf '{-inch Transit{, on a

wooden frame, and {lie surface on tile working side was

given a smooth finish by sanding and varnishing and, finMly,
waxing and lmlishing. The profile was chosen so that ill{'

adverse pressure gradient on the working side wonhl be

sufficient to cause separation and yel have sufficiently ._mall

eurvalure to make the pressure ('hanges across lilt, layer
negligible.

Since the separation point was ro,nd to ])e very close to

Fl(]t:ltl_1.--Front viewof"boundary-layerwall" in NBS 10-footopen-alrwind tunnel.

Tunnel woll--..

BI/s fer" on furv'_el wolT"-'-_-'_

FIGURE 2. Sectional drawing el "botln(lar.v-layer wall,"

the trailing edge, a blister was constructed on the tunnel

wall to move the separation poin! Ul)Sh-eam to lhe location

shov_m in figure 2. At the oulse{ there was troublesome

secondary flow fi'om premature separation near the floor

and, to a lesser degree, near lhe ceiling. A vent in the floor

allowing air to eider the tunnel and blow away the accumu-

lated dead air afforded a satisfactory remedy. The flow

was then two-dimensional over the central portion of tilt,

wall from the leading edge to the separation point,.

A steeply rising pressure, caused by the snufll radius tff

curvature of the leading etlg0_ and the induced angh, of

attack, produced lransilion at)ottt 2 inches from the leading
edge. Tilt, boundary layer was lherefore turtmh,nl over

l)ratqieally the whole of lhe surfltee and, over tile region of
major interest, ranged in thickness front .')v,,ain('hes al ltle

17J:j-foot position lo 9 inches a! the separalion point. All

measurements weremade with a free-stream speed of at)"_ut
_(_on(l at the 17_../-foot position. The I)oundary-
_i('kn_s at 17_i,. feet was equivalen! to that on a flal

plale 14.3 feel long with fully turl)ulent layer and no pressure

gradient, and the flal-p]ale Reynt)ltls number eorrespomling
1o 160 feet per second was t4,300,000. The st)eed, was ahvays

mljusted for changes in kinemali{" viseosily from day 1o day
to mainiiiin a fixed Reynolds nunil;(;i: ii{i:oiighoul the enlire

series of measuremenls. The lurbulenee of tile r,'ee stream

of the l lmnel was abouI 0.5 percent.
All measurements were mmle at the midse{'tion of lhe

wall, where ihe flow most closely apl)roximated lwo-dimen-

sionalitv, and on tit(, side hOMed "Working side" in figm'e 2.
While the measurements extended over a eonsiderabh,

period of time, there was no evidence r,'om pressure and

mean-ve]oeil,f distrlhutions lhat the geomell-y of tile wall

ehllnged. There was, however, considerable scalier in lit{,

turbuhmee meamwements from day to day, some of whMi
was due to inherent inaccuracies assoeialed with hol-wire

!t_{/asurements, and some of whi{'h may have been caused by
tt('tual changes in the flow. The res!llls therefore (lo not

lend themselves to a determination of differential {'hanges
in lhe .r-direction wilh high accuracy. I1 was the intenlion

1() ot)taln results appli{'at)le h) a smooth surface; therefore

the surfa('e was fi'equenlly polished and kepl (.'lean a l all

limes, llowever, because of lhe texlure of the Transit{,,

ill{, Sul'f.ce eouhl not l)e given 'l nfirrorlit,:e finish equa,] lo
thal of a mehll surfaee.

Consideral)le emphasis was plat'ed on lh(, precise dele,'mi-

nation of the position of separalion. A method was finally
evolved wherel)y lhe line of separalion and the direction of
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lhe flow at tile surface in the neighborhood of lifts line couhl

be found. This consisted of pasting strips of white cloth on

the surface with a starch solution. Small crystals of iodine
were then stuck to the strips. Blue streaks on the starched

cloth then showed the direction of tim air flow. 133" this

" means separation could lw located with an accuracy of ::t:2

inches. Initially the line of separation was nowhere straight,

but, after lhe removal of some of the reversed flow near the

floor by the vent previously mentioned, the line was made

straight for a distance of 2 feet ill the center anti was located

25.7±0.2 feet from the leading edge.
The pressure :tistribution was measured with a static-

pressure tube 0.04 inch in diameter, constructed aceortting
to the conventional design for such a tube. ,X[can dynamic

pressure was obtained by adding a total-pressure tube of the

same tliameter but flattened on the end to fornt a nearly

rectangular opening 0.012 inch wide.

The hot-wire equipmen! used in the investigation of tur-
Imlencc has been fillly des<.ribed in felt, fence 1, and it suffices

hero mercly to call attention to the manner of operation

and the performance of the equipment. The. thick boundary

layer made it possible It) obtain essentially point measure-

meats without having to construct hot-wire anemometers

on a microscopic scale. The several types used arc shown

in figure 3. The }{6-inch seah; shows the high magnification

of types A, B, C, and D. A complete holder is shown by E
with the inch scale above. Iteads of type A were used fl)r

measuring u', those of type B or C were used for measuring

turbuh,nt shearing stresses, and those of type D were used

for measuring _" and w'. In use the prongs pointed direelly
into the mean wind.

When the head of type C was used h)r measuring shearing

slress, an observation of the mean-square signal from each
of the wires was necessary. A similar pair of obscrvatiolls

1/16" -.....P a 1

L-71323

! 2 3 4

E

FI_;VRE 3.--Types of hot-wire anemometers and complete holder used in investigation.

5 6
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was necessary when using type B, l)ut with only one wire tim

head had 1o be rotated lhrough 180 °. Since it was usually

difficult io execute this relation by remote control, most of

ihe measurements of shearing stress were made with the

head of type C.

The hot-wires flwmselves, shown at the tips of flw prongs,

were tungsh,n 0.00031 inch in diamelev. Platinum wire
coul(I not be used because the air was taken into lhc tunnel

from ouldoors and platinum wires were t)roken by flying dirt
particles. The diaineter of 0.00031 inch was the sniallest

obtainal)le in tungsten at the lime, and tit(, length could not
1)e reduced below about 1/ int.h ant1 still mainlain the re-,if

quired sensitivity. In till cases the boundary-layer thM<-

hess was at least 25 times tltt, wire length.

The uncompensated amplifier hada flat response froln 2

to 5,000 cycles per second and tin amplification decreasing
al)ove 5,000 cycles per second to at)out 50 percent at 10,000

cycles per second. The lime constant of the wires ranged

from 0.001 to 0.003 second, depending on operating cQndi-
lions, and the over-all response of wire and anlt)lifier could

1)e made equal 1o that of the uncompensated alnl)lifier t)y

means of the adjustable compensation provided in the ampli-

tier. llowever, with this rchltively high lime constant, the
backgroimd noise h, vel was high and had to 1)e subtracted

from the readings in order to obtain the true hot-wire signal.

The methods of determining u', r', w', m--:, and u_--Z'/u'd are

fully deseril>cd in reference I. The determination of R_ and

R= involved lit(, use of a pair of heads of type A, separated

by known distances normal to the surface for Rv and along
the tangent to the surface for R._. The "sum-ai_d-difference"

method described in reference 4 was used, account being
taken of the inequality of u' at the lwo wires and the differ-

ences in sensitivity.

The several lneasin'ing heads were mounted on various

types of tniversing equipment designed for convenience,

rigidity, and it niinimum of interference a! the point where a

measurement was being made.

TEST RESULTS

The results of the measureinenis are given in tables 1 to

8 and figures 4 to 14. Figures 15 to 22 repeat certain of the

results to aid in the analysis.
The lalnilatioll is made to present all of the detail contained

in tit(, measurements and to make the results readily availat)le

to any style of ph)tting thai suits the reader's needs. Figures
4 to 14 are summary plots inlended to show 'm over-all

picture rather than detail.

PRESSURE DISTRIBUTION

The values given in tal)le 1 and figure 4 were obtained ft'om

measurements of pressure with a small stati('-pressure tube

placed J_ inch from tilt, surface at various positions along the

midspan. The tul)e was also jraversed in the y-direction,
fi'om wllich it was found lhllt changes in pressure across the

boundary layer were barely (letectable in the region from
x=18 to 23 feel anti were not nIeasm'able elsewhere. The

pressure is therefore regarded as conslant at'rosa the t_itr_larv
layer, and till of tit,, information on pI'e_fi_re g_'adie,it is

given by the varialion of q_ .'q,, wiflt x.&_ "t'\ ./( _--/_-L

' ,o,,'5 g  loaq :, i

,Tror?S/f/On _,

q_
.4 I

i

.2

l
il,I i

0 4 8 /2 /6 20 24 28
X, ff

FIc, I'IIE 4.--Distribution of velocily aim dynamic pressm'c jtlst outside btlnl|dary layer,
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MEAN-VELOCITY DISTRIBUTION

.\Iean velocities were obtained from d.ynandc-pressure

measuremenls made at various distances y. No correction
was mad(' for tilt(, eft('('! of turl)ulen('e. "File distributions of

mean velo('ity are given in labh_ 2 and summarized by the

eonlour ph)t shown in figure 5. From lhesc data were

derived the vldues of a*, O, and Hgiven in table 3 and figure 6.

4.0

3.6

3.2

2.8 L

2.4

H

2.O

/.8

I I 7/

Y

FIc;,17I_E g. Bi_lln(l;try-layer parameters.

C
1.2 1.4 I.C 1.8 2.0 2.2 2.4 26 2.8 3.0

H

F[_t'RE 7.--Variation of D'/'[.'l with /7 for varions values of y/&
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The distribution of mean velocity is plotted in figure 7 in

the manner suggested by Von Doenhoff and Tetervin in

reference 5. If H is a universal parameter specifying the

boundary-layer profile, the curves of figure 7 should agree

in all detail with those of figure 9 in reference 5. The a_ee-

ment is good, although there are systenlatic differences

slightly gr(,ater than the experimental dispersion.

TVRm'LEYCE INTENSITIES

The lurbulenee intensities are given in table 4 in terms of

u'/U,, c//U,, and w'//_'. They are summarized in figures 8

to 10 in terms of U'/_m, r//U,_, and w'/Um in order (o show
.... c]_-anges in the at':_olute magnitude of the fluctuations. As

desired, u', v', and w' may be expressed in relalion to any

of the mean velocities U, Uj, or U,,, by the aid of tables 1
anti '2.

COEFFICIENT OF TURBULENT SIIEARING STRESS AND

I_r-CORRELATION COEFFICIENT

The (lireetly observed qmintity _ has been expressed

nondimensionally in terms of a eoeffMcnt of turbulent

shearing st tess

O 2_

The choice of coefficients is arbitrary, and (_,_ is tabulated

in table 5 whih, conh)ur plots for C,,,, are given in figure 1 t.

The choice i)f C',,_ for the figure was made because it was

desired to show an over-'all picture of variations in r inde-

pcndeId of variations in mean veloeily.
The valu(,s of tim correlation coefficient _/u'c' are given

in table 6 and figure 12.

CORRELATION COEFFICIENTS R_ AND R_

Tile eorrelalion coefficients R_, and R+ express the correla-
tion be(ween values of u at the same instant at two different

points. This correlation belween poinls separated l)y dis-
tances in the direction of the local normal to the sm'fa('e is

expressed by R_, and the correlation between petals scpar'lied

by distances in the direction of /l,, local tangent 1o the sin,-
face is expressed by R_. Tllese directions were normal and

tangential to streamlines only when the local mean direction

of the flow was tangent to lhe surface. Where the boundary
layer was thickening rapidly, as near tim separation petal,

the flow in the outer portion of the boundary layer hail a

greater radius of curvature lhan the sm'face am[ (lw direction

was not tangent to the surfqce. In such regions, therefore,
R_ and R_ do not conform strictly 1o lhe conventional deli-
nition of such coeffieienls.

Values of R_ are given in tabh, 7 and values of I1_ are given
in t able 8. Figures 13 and 14 sliow rcpresenl alive corrt,lalion

curves in order to give an idea of the distances over whi(,h u

is correl'lted compared wilh tit(, t)oundary-layer (hi('l;ness.
I! will be note(l that a correlation exists over Inu,'l, of the

boundalT-layer thickness. With the region near separation

excluded, fluctuationsa( (he center of the layer are relat(,d

to those everywhere else in the same section. ITnder such

conditions a small negative correlation is found between

points in the layer and those outsi(le, as showT1 in figure 13.

Subsequent measurements in a boundary layer with approxi-

mat('ly one-re)fill of the free-stream (tl)'l)ulenee Imve shown

no effect of the free-sireani turl)uh, nee on lh(, magnilu(le of

the negative correhHion. An explanation of this negative
eorveh_tion on the basis of conlinuity requireIne))(s is offered
in reference 3.

From tables 7 and 8 one may eah'ulate int(,gral scales
defined 1)y
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These are not given here because it is felt that the qualitative

concept of scale obtained from figures 13 and 14 conveys

about as much physical significance to scale as is possillle

at present.

DISCUSSION OF RESULTS

MECHANICS OF SEPARATION

The separation point is defined as tlle point where the

flow next to tile surface no longer continues to advance
farther in the downstream direction. This results from a

failure of the medium to have suflh'ient energy to advance

farther into a region of rising pressure. Certain character-
istics of the mean flow serve as a guide to the imminence of

separation. For example, the shape factor H can be expected
to have a value greater than 2. In the present experiment H
was found to have the value 2.7 at the separation point,

comparing well with the value of 2.6 given in referenea 5.

The empirical guides, however, give little insight into the

t)hysical factors involved. Separation is a natural conse-

quence of the loss of energy in the boundary layer, and tlw

t>urden of exphmation rests rather with the question as to

why separation does not occur at, all tinles at a pressure
minimum. At the surface tile kinetic energy of the flow is

everywhere van|shingly small. At a pressure minimum the:

i)otential energy is a minimum, and the air at the surface,
having a vanishing amount of kinetic energy to draw upon,

couhl never advance beyond a pressure minimum without,

receiving energT from the flow farther out. The necessaw

transfer is effeeted 1)y the shearing stresses.

It is a well-known fact that viscous shearing stresses are
so small that laminar flow can advance but a little distance

bcyon(l a pressure minimum. In contrast with this, turbulent
shearing stresses can prevent separation entirely if the rate

of increase of pressure is not tno great. This emphasizes an

important fact; namely, that when separation has not oc-

eur,'ed, or has 1)een (lelayed to distances well t)eyon(l the

pressure minimum, as in tile present experiment, viscous

stresses play an insignifi('ant role in the prevention or delay

of separation.

Turlmh,nt shearing stresses also determine the magnitude

of shearing stresses in the hlminar sut)layer t)y forcing there

a high rate of shear. This, in fa('t, gives boundary-h/yer

profiles the appearance of near slip flow at the surface.
Thus, turtlulent stresses dominate all l)avts of the boundary

layer. Viscous effects in the laminar sublayer and elsewhere

still play an important role in determining the existing state

of the turbulence. However, in dealing with the effects of

tuclmlen('e, and not with the origin of turl)ulence, (,fleets of

viseosiD _ can be negh, cted.

At the high Reynolds numt)ers of the present experiment

the laminar sul)layer was extremely thin and was never

approached in any of the measurements. At the 17_.6-foo1_

position at 0.1 inch fronl tilt, surface the turl)ulenl shearing
stress was 190 times the viscous shearing stress. Coil-

sidering the low order of magnitude of the viscous stresses

compared with that of the tu|'l)ulent stresses, the equations
of motion may be closely approximated l)y including only

the Reynoh|s stresses, and may 1)e written

w

UOU 5U 1 5p bu 2 b_
5x +V 5g pox 5x dy (1)

w

5V 1 5p b_ 5v aU 5V+ V =-- -
_)x 5y p by 5x by

(2)

While all terms in equations (1) and (2) have been meas-

ure(I, they have not been measured with sufficient accu|'aey
to test the adequacy of the equations. The relative impel

lance of ill(, terms involving Reynohls st,'esses depends on

location in the boundary layer. The normal stresses pu =

and pc-_ are pressures and their gradients make merely small

contributions to Oprbx and bp/Oy. AInong the Reynolds

st,'esses the shearing stress is the more important quantity

and, accordi||gly, attention is devoted to it.

It is easy to see qualitatively on physical grounds how the

siwaring stress must be distributed across the boundary

layer. The shearing stress is always in such a direction
that fluid layers farther out pull on layers farther in. When

the pressure is either constant or fal]ing, all pull is ultimately
exerted on the surface. Therefore the shearing stress must

be at least as high at the surface as it is elsewhere, and it

wouhl be expected to be a maximum there, as it must fall
to zero outside the boundary layer. Wtum the pressure is

rising, part of the pull must bc exerted on the fluid near the
surface thai has insufficient energy of its own to advance to

regions of higher pressure. In other words, the fluid in
such laye|'s must be pulled upon harder than it l)ulls upon

tit(, layer next nearer the sm'faeo. This means lha! the

siwaring stress mns! have a maximum away from the

surface in regions of adverse pressure gradient.

Representative observed (listrilmlions are shown in figure
15. It will be seen that the nmximmn shear stress deveh)l)S

first near the su|'faee and move progTessiw, ly outward. The

region between the surface and the maximum is receiving

energy ft'om the region beyond the maximum, the vale

per unit volume at each point being l 7br0y" Thus the fall

in the shearing stress towa|'d the surface, producing a

positive slope, is evidence that the shearing stress is acting
to prevent separation. It is clear then (hal a falling to

zero, as for examph' the curve at .r=25.4 feet, is not tile

cause of separation. It is ralher an indication thai the

velocity gradient is vanishing at the surface. This means
thai the velocity in tile vicinity of the su,'faee is vanishing

and that a condition is deveh)ping in which no ener_ _ can tie

964417--52--2
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FIGI'RE 15. -Distribution of coemcient of t tlrbuhqlt shearing stress across boundary 1 ye "

received. When this condition is fulfilled, flit, fluid can

move no farther and separation has occurred.

The initial slope of the curves in figure 15 is given 1)?/

equation (l), which becomes, when y=0:

b/_/=b_ (a)
5x by

A theory of the distribution of shearing stress t)ased on

the inner boundary conditions b'°r/by='=0 and equation

(3) and oll the outer boundary conditions r=:0 and Or/by 0
at y=_ has been given by Fediaevsky (reference 6). The

agreement between Fediaevsky's theory and experimental

values from tit(, present investigation was fair at tit(, 17_._-foot

position and excellent at the 25-foot position, but elsewhere

was poor• Two examph, s of the n_'eement are given in

figure 16. Tile Fediaesvky theory, which defines merely

how the curves shall begin and eml, either loses control

over lit(, nd(hlh, portion or ignores other controlling factors.
Since equation (3) specifies 1t1(, initial slope, it is an aid in

fimling the skin friction by the method t)f extrapolating the

distril)ution curves to y=0. The values fontal in this way

arc given in figure 17. As wouht be expected, the skin

friction falls to zero at the separation point. The la('k of

agreement with values cah',lated 1)y the Squire-Young
formula (reference 7) is to be expected, as this formula does

not include the effect of pressure gra(lient_.

.0/4

.0/2

.0/0

•008

c_t
•006

/

i

l I I I I I

-- ---- Fed/bevsky fheory [reference 6]

Exper/menfo/__ L___[__ .....

\_32=22..5 ft

___ t_\
96: -- __
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Ooi
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{/,in.

FV;17RF. 16. Exlu,rimenta] v,'lllleS for eoefficien_ ofttlrbtl]ent shenring str('ss compared with

ctlrves fl'OIl]Fo( ICvSky th_)ry.

.008[-- ] [ I I - I I

.o06/ ___ • [ I I 1 .... 1_
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x, ft

FIZ;t'RE ]7•--Exverimenlal vahlos for coefficient of skill fr[cliol3 compared with vahl('s cal(ql-

hthM with Sqllire-Yollng forflltlla.

"Fit(, foregoing discussion has simply (lescril)ed the sht,aring
str'ess in the light of the present experiment and pointed out

the role of sht,aring stress as an energy-h'ansft, rring agent.

Whih- these phenomena are characteristic in every adverse

pressure gradient, the form of the shearing stress anti also

the velocity profih,s will be different for different I)ressure

distributions, The present experiment gives merely one
examph,.

ORIGIN OF TURBULENCE AND TIIRBULENT SHEARING STRESS

The discussion of origin (_f turbulence anti (urtmh, nt

shearing stress will t)e based oll concepts lhat have super-

seded the older mixing-length theories. Uufm'lunalely,
experimenls have not keF, l pace with ideas and the con-

COl)Is have not yet t)eett fully verified.

in recent years (h,finilc ideas have laken shape regarding
the decay or turl)uh, nee. These stem from art observation

made hy Dryden (referem:'e 8), n,q.lln('ly, that tl,e rates of

decay of different frequency components in isotropie fur-
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1)ulence require that the higher-frequency components gain

energy al the expense of the lower-frequency components.
It has now 1)ecome generally accepted that deeay involves

a transfer of energy from larger eddies to smaller eddies by

Reynohls stresses when the Reynohts mtmber eharacterisdc
of llle eddies is sufiicienlly high. This idea f(>rlns tile

physical t)asis for mode,'n theories of isotropic lurl>ulenee

(for examt)le, references 9 lo 15).
Information about lm'btdent flow petals more and nlore

to the emwlusion that the eoncel)t is basic and may be

carried over to shear flow. (See, for examl)le, Batchelor's

discussion of Kolmogoroff's theory, reference 9, and Town-

send's discussion, reference 16.) The general idea may be

expressed as follows: The highest Reynolds number is asso-
dated with the mean flow, and here the mean Reynohls

slresses lransfer energy to tit(, flow system comprising ill(,

next smaller spatial pallern, for example, the largest eddies.
This second system involves other Reynohls stresses whi('h

in turn transfer energy to small(,," systems and so on through

a spectrum of tltrt)ulellce tmtil Ill(, Reyn<)hls number gets so

low that the dissipalion is eoml)leled l)y the action of

viscosity ahme. The evohltion of heat by the action of

viscosity is small for the larger systems and gets pro_m-esslvely

greater as lit(' systems get smalh,r and smalh,r, with .t

weighting depending on some Reynohls number clmra('teriz-

ing the whole syst(,m, say, a Reynolds nlHnber 1)ased on Ill(;
outside velocily and tit(, boundary-layer thickness. The

higher the Reynohls number the more is tit(, action of vis-
cosily confined 1o the high-frequency ell(1 of ihe spectrum.

Thus at sufiqciently high Reynolds numbers the aeti<m of

viscosity is not only removed from the mean flow but also
from all but the smaller-scale components of tile turt>ulence.

An exception must, of course, be made for the laminar sut)-

layer, and the liketihoo(1 thai this is a wflid pieIure increases
with distarwe from the surfa('e.

These ideas then might be regarded as deseril)ing a leuta-
live model of a lurlmh,nt boundary layer to be examined

in the light of experimenl. The model is, of course, con-

eeived only in general oulline and shouhI not be as.sumed
tlle same for all conditions.

The rub, of removal of kinetic ener<:.3* per unil volume

front the mean flow by Reynolds slresses is given by:

p[_bU _bl _ __/bV bU\7+ + (4)

This energy goes directly into the production of turbuhmee.
bU

The term _ _-) will generally outweigh the others, bul in

order to see lhe relative magnitudes near separation the

terms in expression (4) were eah'ulated for the 24.5-foot
5V

position. The term _ _xx was found to be negligible. The

other terms within the brackets together with their sum are

THE TURBULENT BOUNDARY LAYER 9
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FIGURE 18.- -Rate ()f production of turbulence and mean energy of turbulence at ,r = 2,1,5 feet.

Right ordinale scale to be used only for top curve.

shown in figure 18 divided by U,,, a. It is seen that lhe lerm
bU

u,"7_) is still the largest and the,.efore remains the most

important contributor to turl)ulence.

The dislribulion of t.urbuh,llee energy is also given in

figure 18. This shows a maximmn energy content where tile.

ra.le of I)roduelion is the greatest; otherwise the comparison

has no particular significance. Such coin(.idenee is not re-

quired and is nol found farther upstream. Data are not
available for establishing file balanee between produ('lion,

diffusion, conveclion, an<l dissipation of turbuh, nee energy.
11 is clear that the turl)ulence exists because of the Rey-

nolds stresses, and it is se]f-evidenl that ttle normal stresses

pu"--_and p v-'-_ exist because of the turbulence, but the source of

the shearing stress p_ is not apl)arcnt without further

examination.

Since
/t F

7"=--P_=--P U_ U'r' (5)

where u_--,/u'd is the correlation coeffwient, it is seen that r

(lepends on file correlation and intensity of u and r. If a
flow is il,'t)uh,ld without a gra<tient in mean velocily, there

call t)e no lnean shearing stress and therefore no mean correla-
tioTt between u and r. It is appar(qtt then thai a gradien[

is necessary h) produce a: eorr(qalion, and one nfight expect
r tto find "uT/u'c' proporiional to (l[fltll. From figure 12 it

appears thai _/u'c' st_rows {oo lillh' v_n aeros_tiie

"m_da,'y layer to be proporlional to lhe local vttlue of the

m__..£an-veloci.ly gradien[. To apply a more direct tesl,
/?* ,'uc, t v was plo{led in figure 19 against the mean local

g,'adie,tt. Obviousl._[._ut-";//dv' eannol be_regarded a.s p__

tional to (O/U_) (dU/d?l)_ and_ what is rnore, it becomes

in--lh,lZen- detlt of t'-],,,_oeal'-_gradi_/n{for a wide range of vah,es \

of (0/[ () (dU/dg). .__.___J
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FIaURE 19. Relation between _-correlation eoemeienl and hmM mean-',-elocily gradient.

Assuming the correctness of tile concept, of transfer of

energy from larger to smaller flow regimes, it is seen that

energy flows into turbuh,nce mainly hy way of the larges!
eddies, and il is Ihen mainly these that account for tit,'

average shearing stress. Returning to figure 13, il is seen

by the curves of R_ that the turhuh'nt motions are correlated

over much of the boundary-layer thickness up to the post-
lion X--23 feet and are still correlated over a considerable

l)orlion of tlie thickness at larger values of .r. The extent
of the R_-eorrelation is roughly a measure of the exten! of

the largest eddies. This means that the correlation eoef-

fici(,nt: _'_/u'd arises from those components of the {urbu-

lem'e thai extend over mu('h of the boundary-layer thM,mess,

and the correlation between u- and r-components of such

a motion wouht be expected [o depend ou the mean-velocity

gradient as a whole rather than upon the local gradient

at any one point. I,arge mean gradients exist near the sur-
face without producing correspondingly large correlation

coeffi(:ienis in the same locality, anti it appears lhal the

correlations here are very likely fixed 1)y some over-all

effect. If an over-all velodty gradient is represented at

each l)osition by UU U,,, divided by _, and lifts is used as the
independent variable in figure 20 to cross-plot vMuos of

_'77/u'v' taken from the flat portion of the curves in figure

19, a definite proportionality between these two quantities

is found. This bears out the foregoing argument.

Figure 2l was originally prepar,,d to lest one of the equa-

tions of state in Nevzgljadov's theory (refl,rence 17), which

expresses the shearing stress as proporlional to the iurl)ulent

energy per unit volume and the mean-velocity gradienl.
The theory is not supported by Ihe resuhs for the same reason

as that mentioned in eonne('tion with figure 19. In fact,

slwaring stress pet" unit energy is mu(_h like the correlation
coefficient imd would be t_vo-thirds of 7_r/u'v' if u', c', and w'

were all equal. The similarity between figures 19 an(t 21

is therefore not surprising. The hairpin loops in the curves

in these two figures apparently result from tit(; distribution

/

/

i

0 ./. .2 .3 .4 .5

u,
u.,_!

FIGURE 20. Rtqation between 7w-correlation e')effieient near sllrfat'e and general meaim-

vehmily gradient.
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./
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dd

- ,5:,9 C -I

FV:URE 21, Relation between shearing stress per unil energy of tilrblllenee and local mean-

velocity gradient,

of shearing stress imlmsed 1)3- lhe adverse press,,ire gradient.
Figure 22 emphasizes the greal difference between lurl)u-

lent shear flow and lanlinar sliear flow. In laminar flow

the shearing stress is directly l)roporlional Io the local

velocity gi'adient. In turlmlent flow, slio_,,m in figure 22,

the shearing sll'ess may rise abruptly for scarcely an 3- elilinge

in the lo('al velocity gradient and again fall with increasing

velocity gi'adient. This illustrates the difficulty of adopt-
ing the concepls of viscous flow in turlnihmt flow. The

difference probably arises because turbulent tihenomena,

unlike molecular I)henomena, are on a scale of space and

velocity of the same order as thal of the mean flow.
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]:IOUllE 22.--R(qati0[I between coefficient .f shearing stress and leeal mean-vehmity gr:L(|it, ilt.

The tentative picture in the form (if the motM previ-

ously described is still speculative and probably oversimpli-

fied. It has, however, received support in the present
experiment., perlla_)s as much as couhl be expected from

over-all measurements eml)raeing the entire frequency
spet'trum. Obser+ations of these same quantities as a

ftmction of frequency wouhi t)e much more informative,

but unfortulullely the experimental conditions in an open-

air wind lmmel tliscouraged work of this sort. Other types
of liot-wire measurements, such as those descril)ed by

Toumsend in reference 16, wouht be of as great value in

probing for the true picture of a turbulent l)oundar.v layer

as they were in bringing to light plienomena in the turt)uh,nl

wake of a cylinder.

The present model is but an extension of the concepts

required to exl)lain t lie spectrum anti decay of isotropie
ttu'buh,nee. ]towever, in going fronl tin, rehllive siml)licity

of isotropic turbulence to boundary-layer turbulence many
new factors are introduced. Distance from transition

point, pressure gradient, curvature, and surface roughness

doubtless affect details and may have profound influt, nees.
It, must be left to future experiments and theory to fill in

the gaps, and when this has been done perhaps the data

given herein will have more meaning than they liave at

present. It is with this thought in mind that the data are

given in tables, in which form they are the nmre readily
availaMe for new uses.

CONCLUDING REMARKS

Certain measured characteristics of a separating turbulenl

boundary layer haw, 1)een presented. The average charac-
teristics are mean velocity, pressure, anti tlte derived parame-

ters, disphlcement thickness, monientum thickness, and shat)e

factor. The turbulent characteristics comprise intensities,

shearing stresses, transverse correlations, Iongil.udimd corre-
lations, and correlations between two flttetuation components

at a point.

The restihs have been discussed, first, in eonnet'tion with

what they reveal about separation and, second, in connec-

tion with what they reveal about the nature of turbuh,nt

boundary layers. The modern eoneel)t of energy transfer

through a spectrum was ext,ended to the lttrbuh,nt boundary

layer. The restllting model of a turbuh,nt boundary layer
was supported by the restihs. This together with the sup-

port froni theory and experiment in isotropie turbulence

makes it appear thai lhe model may l>e a very useful one

for guiding future experimt,nts.

It. is seen thai the investigation of separalion of die

turbulent boundal T layer had to go t)eyond the mere investi-

gation of separation. Tile real l)robleni is the understanding
of the mechanics of turbulent shear flow undt,r the action

of pressure gradienl. The solution of this problem depends

on the understanding of tlle mechanics of turbulence, and in

this only rudinlentary beginnings have been made.

T
_ATTONAL BUREAU OF ,%TANDARDS,

WASHINGTON, D. C., ,.lung I, 19.19.

REFERENCES

1. Schubauer, G. B., and Klebanoff, P. S.: Theory and Ai)l>licaiion

of IIot-Wirc Instruments in the Invesligation of Turbulent

Boundary Layers. NACA ACR 5K27, 1946.

2. Dryden, Itugh I,.: Some Recent Contributions to lhe Study of

Transition and Turbulent Boundary Layers. NACA TN I [68,

1947.

3. Dryden, Hugh L.: Rt.ccnt Advances in the Mechanics of Boundary

Layer Flow. Vol. I of Advances in At)plied Mechanics, Richard

yon Mises and Theodore yon KArm,'fn, eds., Aca<temic Press,

hie. (New York), 1948, pp. 2-40.

1. Dryden, Hugh L., Schut)auer, (3,. B., Mock, W. C., Jr., and Skram-

stad, 11. K.: Measurements of hitensity and Scale of Wind-

Tunnel Turbulence and Their Relatio,l to the Critical Reynohls

Nunll>er of Spheres. NACA Rep. 581, 1937.

5. Von Doenhoff, Albert E., and Telervin, Xeal: I)elermination of

General Relalions fur the Behavior of Turbulent Boundary

__ I,ayers. NACA Rep. 772, 1913.

6. Fediacvsky, K.: Turbulent Boundary Layer of an Airfoil. NACA

TM 822, [937.

7. Squire, lI. B., and Young, A. D.: The Calculation of the Profile

Drag of Aerofoils. R. & M. N<>. 1838, British A. R. C., 1938.

8. Dryden, ttugh L.: Turbulence hivestigations at the National

Bureau of Standards. Prec. Fifth hit. Cong. Appl. Mech.

(Sept. 1938, Cambridge, .Mass.), John Wiley & Sons, Inc.,

1939, pp. 362-368.



12 REPORT 1030 NATIONAI, ADVISORY COMMITTEE FOR AERONAUTICS

9. Batchelor, G. K.: Kolmogoroff's Theory of l,ocally Tsoiropic

Turbulence. Prec. Cambridg[' Phil. So('., vol. 43, i)1. t, Oc|.

t947, pp. 533-559.

10. Batchelor, G. K., and Townsend, A. A.: Decay of I_olropic Tur-

bulencc ill the Initial Period• Prec. Roy. So(!. (London), set.

A, vol. 193, no. 1035, Jvty 21, 1948, pp. 539-558.

1[. Baichelor, G. K.: The Role of Big Eddies in IIomogeneous Tur-

bulence. Prof'. Roy. Soc. (London), scr. A., vol. 195, no. 1043,

Feb. 3, 1949, pp. 513-532.

12. Vol| Kfirmfin, Theodore: Progress in the Statistical Theory of

Turbulence. Prec. Nat. Acad. Set., vol. 34, no. II, Nov. [948,

pp. 530 539.

13. Lin, C. C.: Note o,t the Law of Decay of I_otropic Turl)ulence.

Prec. Nat. Aead. Sci., vol. 34, no. ll, Nov. 194_, pp. 540-543.

14. Iteiselfl)erg, W.: On the Theory of Statistical and Isotropic Tur-

bulence. Prec. Roy. Soc. (London), ser. A, vol. 195, no. 1042,

Dec. 22, 1948, pp. 402-406.

15. Kovasznay, Leslie S. G.: Spectrum of Locally Isolropic Tm'bu-

lence. Jour. Acre. Sci., vol. 15, no. 12, Dec. 1948, pp. 745-753.

16. Townsend, A. A.: Local Isotropy in the Turt)utenl Wake of a

Cylinder. Australian Jour. Sci. Res., ser. A, vol. 1, no. 2, 1948,

pp. 161-174.

17. Nevzgljadov, V.: A Phcnomenological Theor.v of Turbulence.

Jour. Phys. (USSR), vol. 9, no. 3, 19.15, pp. 235-243.

TABLE 1. DISTRIBUTION OF DYNAMIC PRESSURE

i .r

(ft),
• 08
• 12
•17
.2l
.5

1.0
1.5
2.0
2.5
3.0
3.5

,t. 0 ]4.5

5.0 i
5.5
0.0
0.5
7.0

8•0

8.Z I
90

9,,_ i
10,0
10.5

11.0 i
' 11.5 i

12.0
12.5

[

ql ;qm

0. 218
• 547
• 7fi2

• 966
972
972

.977

I

fit) i _q"

13.0 o. 977
13.5 .980
14.0 .991
14,5 .992
15.0 .988
15.5 ,988
I6.0 .988
16.5 .991
17.0 .994
17.5 1. 000
18.0 .988
18,5 .966
19.0 .927
19.5 .890
20,0 .852
20.5 .813
2I, 0 .777
21.5 .7.t0
22.0- .697
22.5 .65_

23. 0 .625
23. 5 .589
24.0 .558
24.5 .529
25.0 .507
25. 5 .'t93
26.0 ,484

0,. .475
27.5 .472

x=0.5 ft

Y U/U_
(in.)

O, 01 0.552
.02 .645
.04 .725
,£8 .314
,13 .899
.19 .959
27 . 991
136 I i ooo

ii!!!!t?iiiiii

z75,5 ft

Y U/U,
(in.)

h O. 01 O, 5£_5
.02 .617

.04 .670
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I .13 .77R

•19 ,_
.27 ._74
._5 ,97o
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.7o 1.0oo

:::::: [
I

.r=13.5 ft

Y U/171

(in.).

0. 01 0..195

.04
•os ic_0
• 13 ,670
.19 .718
.27 .746
.30 .778
.46 . _07
r_ . _fi4
,71 ,860

i._ .92_
1,32 .908

f i. 70 . ,0,95
2 09 _0

I 2. 52 .999

TABLE 2.--MEAN-VELOCITY DISTRIBUTION NORMAL TO SURFACF

.t= 1.0 ft

(i_.) U,'U_

O. Ol O. 509

,02 [ . _71
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.08 .795
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2L

U,,_[71
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1. 002

z76.5 fl

_=1.5 ft

- l/
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i
04

:o8
.13
.19
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,58

Y U:U1 7
(in.) ].)

0.01 0.554 01
.02 .596 (12
.o4 .65a 04
.08 .707 08
.t3 ,761 12
,19 .MI 19
.27 .851 27
.36 .898 36
..16 •935 40
,58 ,9£_ 57

•34 .998
,99 1.002 99

............. 15

.r = 7.5 ft

w

[77"171
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.715
• 763
.810
• _52
•s_7
•9_9
.968
.991

z=2.0 ft

g U/Ut
(in,)
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Y U;'U t
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• 02 . (')30
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r 70 I, 6O0

x=S.5 ft

g
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OOlo2
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.36 •844
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1.15 1,003

Y TJ,:U_
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O. Ol O, I02
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.12 .666
, 18 ,702
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x79.5 fi

Y V:UI
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.36 ,gOl
• t6 •850
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,r =3.0 ft x=3.5
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.36 .956
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Y
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Y
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. 13
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_r= 10.5 ft

Y uirI71
(in.)
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.02 .532
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,08 .r_52
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,7f} .905
.84 .936
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t. 15 .980
t, 32 _ I. 000
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.46
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,r= 11.5 fl
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...... i
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1. 000 • 70 i t.002
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x = 12.5 ft
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(in.)
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.04 •566
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.10 . _,15
.57 ._ t4

.70 _75

1.43 .979
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2. 91 1. 032

x=14.5ft .r=lS.Sft x=16.5ft z=t7.bft _-_ x=lS.0ft x=lg.Sft V. ¢ ' x=lO,Ofl

U/UI

0.01 0.495
.02 .509
.04 .573
.08
.12
.19 •698

.782

It
(in.)

0, 01
•02
.04

,46

Y U/U_
(in.)

0.01 0495
.02 .508
• 04 .563
.07 •627
.t2 .664
• I9 , fi97
.26 .727

35.45 _
• 57 [s02
7o .826

• 99 •873
1.32 .914
1.69 .96t
2. 08 .992
2.51 .996
2,9.1 t.002

5. 04 ,
597 595•_2 : .655

.704

,78l

•526
.6(')4

729 .26 724

i " 752 , .36 .750
i 780 .46
i 80.,3 .57 .802

9,q3 .711 .83 I
88I .99 .878
923 1.32 .927
965 I. 69 .958
990 2.08 .996
990 2. 50 .997

2. 91 .099
002 _ 3.39 1,001

.26 .69o

.35 .72_

.45 .752

.57 .321

.69 .344 .57 .810

• OR .900 "O ,8,_3101 .950 :6s
i, os ._ 131 :930
2•07 ._o 1,_s .975
249 I.OOO 207 i.oo2

.....................

............. i .............

Y V/IT l
(in.)

0.01 0,4_q
.02 .177

._4 15Ol.576
:1_ .a2s
.19 .674
r27 .709
.36 .740
.46 .766
.57 .790

86O
f32 924
1.69 945
2.08 971
2. 5I 1 000

• 19 .
•2(;
• 35
• 45
• 57
• 70
• 98

1.31
1. fig
2.08
2.50
2.93

It U,,"U_
fin.)

0.01 0,450
,fi2 .455

4 .498
:i_ .5o2• 612
.19 .fi45
.26 .682
.35 .7_8
.46 .738

.5_ .760.789
:h _17
.98 ,8.16

1.31 ,887
1.68 .930
2•07 .903
2.19 .990
2.93 1.007
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TABLE 2.--MEAN-VELOCITY DISTRIBUTION NORMAL TO SURFACE Conchlded

_ _226•5 fl ;_'_ 2•22t,0 fl Ig_" Lr221.5 ft _'-- t .r222,0 fl e_---- ! ,r=22.5 ft _=
X=19.5 f1 ,,i + fl

I I

(in.) (in,)

6, Ol 0.142 0, O1

02 .480 .04

04 ,527 .67

ng .Nu3 .14

13 .599 . 18

19 .632 .26

27 .064 .35

,3g ,698 .45

.t6 .725 .57

.58 .755 .70

.71 .781 .99

1.00 .83,1 1.32

1.33 . 896 1.68

1.70 .922 2.08

2.16 .960 2.50

2.52 .985 2. 9 |

2.96 l. 000 3.39

...... i .............

U/( "1

O. 404

• .189

• 512
..5,82

• 6113

• 651

• 678

•701
• 728

• 755

.812

: .876

• 9_9

• 950

• 982

.999

1. 004

Y
(in.)

0.01

.02

.04

.09

.15

.22

.31

.42

.54

.68

.83

1.17

1.56

2.00

2. t7

2.97

__::22

U/[5

0.409
.406

.450

.514

.556

.591

.624

.6C_

.692

.724

.757

.809

.867

.925

.961

1.002

Y

(in.)

0, Ol

.02

.05

,ll

. 15

.22

.31

, 12

• 54

.68

.83

Ii,1_,57
2. O0

2,48

2.98

3.50

U)'Ut Y
(in .)

O. 396 0. 01
!

• 394 _ . 02

• 428 ' .04
•488 r .09

• 528 .15

.572 .22

• 598 .31
.624 .42

• 666 .54

.695 .68
•729 .83

.786 I. 17

,854 1.56

•9o5 I 2oo
.95t/ I 2.47
,995 2. 97

1. 006 3.59

I
U'U Y U _U + YJl

I (in.) _ J (iil.)

0.368 0.01 0.357 0.01

.36.1I .02 I .350I .o2

.4II [ .05 i .344 I ,05

.458 .09 I ,410 I .09

.503 i_ .465 .15

.550 22 .500 .22

.574 31 .530 .31

.600 42 .560 .42

.627 54 .594 ,54

.663 68 ,616 .88

.687 83 .652 .83

.717 I 17 .713 1.(K)

._23 1 56 .780 1.57

.,_'.fi2 2 60 . _44 2.130
• 931 2 46 .899 2.47

.991 2 96 .951 2.97

t.000 3 48 .988 3,49
....... 4 O1 1.003 4.03

0.314

.320

• 375

.419

• 448

.473

• ,¢ffu4
.531

• 546

. ,565

• 596

.631

.706

• 768

• 827

• 896

• 968

1. 0112

-- i

.,__2..:_,i- .,:24.0, :24.5, • ,.:2,.1,,, .,.....4,,I ___ I __ __
_ -- ..... _-- -

oo1 0276, o ..... ;-;--- .... "
:02 1282 :02 :.74 2 216 :04 :+09 :(12 :llg :02 :088

.0t .329 .05 ,319 .05 .236 .08 .231 .04 I ,121 I 04 ,12o

.09 .374 09 .34('. .09 .273 .14 .25t .08 .112 [ .[18 .137

• 15 .389 .15 .361 15 297 .21 ,274 11 157 .14 . It9

. 22 . 419 . 31 . 423 22 ] 319 I , 31 . 287 . 22 . 189 • 22 . 186

31 . 460 42 I 443 • 31 , 337 41 , 303 . 31 . 200 , 31 . 188

• 42 .487 • 54 469 .42 .362 .54 .325 . .11 .226 .41 .205

'.54 .508 .83 .523 .54 .389 .67 ,3511 .5 t ' .235 .53 .213

.68 .530 I. 18 1 576 .69 .4 I5 .82 .373 .67 .253 .67 .235

• 83 .567 1.57 ] .648 .83 .442 1.17 .115 .82 .265 I ,82 .249
1.07 .616 2, 00 _ .725 1.1 g . 192 1.68 . t99 1.16 .310 I. 16 .2841

1.57 .69t 2, 48 .797 1.57 .550 2.06 .560 1.55 .348 1, 55 .328

2, 00 .75I 2.98 .855 2. 66 .614 2, 47 .640 I. 98 .416 t I. 99 .353

2. 47 ,827 3.50 .926 2.48 • 685 2. 97 .710 2.45 .470 2.46 .435

2. 97 .886 4.03 .964 2. 98 .774 3.50 ,788 2. 95 .538 i 2, 95 .528

3.56 .930 4.57 .992 3+ 50 .850 4.03 .858 3. <17 .634 _ 3.47 .596
4.03 .971 5,10 .998 4,03 .906 ,1,57 ,916 4.00 .718 [ 4.00 .678

4.57 .999 5. 63 l 1,000 4.57 .955 5. 1 t .958 4.54 .788 4.51 .738

5.10 1. 006 ...... ' ....... 5. In .992 5.63 .988 5. 07 ,855 ! 5. 07 .818
5. 611 1. 001 6.13 I. 003 5.58 .915 ] 6.59 .8('>6

......................... , . " 6.09 .97o I 6.09 .938

........................... 77 ...... " .... -...... 6.55 .9Ol 6.56 .975
::1772 _-2-_;;2: 7;:-:- ;-Z:-- ...... :_-_-_---_ ::-:-: _2_7-: 6.77 1.oo2 6.,,_ .t...o_.

22:-:: 2::2222 222-_:2 2_::222 :722: :22_-222 22-_-_;_ .............

x=25.77 ft

TABLE 3.--BOUNDARY-LAYER PARAMETERS
i t

(h) ! (in.)

1.0 i ,043

1.5 [ .051

2.0 .058

0+3• .067

3.5 , .I176

4.5 .(175
5.5 .087

6.5 .097

7.5 .127

8,5 , 136

9.5 . 170

10.5 .I80

11.5 .222

12.5 .220

13.5 .234

14.5 .255

15.5 .288
16.5 .302

17.5 •303

t8.0 .3t3
18.5 .341

19.0 .385

19.5 •407

20.6 .446

20.5 .517

21.0 .581

21.5 .65

22,0 .77

22.5 .99

23.0 1.09

23.5 1.24

24, 0 1, 6I

24.5 1,89
25. n 2.57

25.4 2,85

25+77 3.81

I

0

(in.) ll

0,026 ] 1.50.032 1•35

,037 I 1.38
.042 _ 1.38

.047 [ I,3,

.048 1.40

.055 1.38

.054 1.39

.064 !,36

.072 1.35

• O_q 1.3'

.099 1•3'

.l_q 1.38

.133 1.35

.1¢_3 1.36

.162 1.36

.1C_ 1.3_

.I92 1.3:

.208 1.3_

.226 1.3.

.2Z5 1.3_

.229 1.3:

• 261 1.3

.282 1.3:

.307 1.

,219 1.41
.357 1.4_

.390 1.4!

.443 1.4:

.501 1.5,

.62 1.60

• 66 1, 6_

.71 1.75

.86 1.8'

.95 1.99

1,16 2,22

1,19 2.39
1.36 2.80

/ "/,
r_

_J
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TABLE 4. --TURBULENCE INTENSITIES

z=17.5 ft _ ._ =-'20.0 ft

L) u'/[5 (in.)

o-LT-, o--LTo  .......O. 0_'29

• 029 [

•030 I
•o31 I
1031 ]
•031
• 03

•03l

.031

• 030

• 031

• 030

• 029

• 029

• 026

•023

•021

.017

• 013

OlO
•0_0

• 0073

•0059

• 0052
• 0045

• 00,12

• 0042
' .00t2

0.10

.15

.20

,25

• 30

• 35

• 40

• 5{I

• 00

.70

• 80

_90

1.00

1.10

1.30

1•50

1.70

1.90

_10

2.%r0 -

2. 50

2.70

• 10 I .088

.10 I .088

.15 I .096

.2O

• 25

• 30

• tO

.60
• 70

._,0

.90

1,00

1.20

1.40

1.55

1.75

I. 95

2.14

2.24

2. 44

2, e_t

2. 83

3.03

3.9_3

3.43

3 63

• 096

• 096

• 093

• 087

• 086
.088

• 083

• 069
• 080

• 077

• 069

• 0¢_3

• 06)2

• 06!

• 064

• 043

• 036

' . 0._

• 020

• 012

• 010

• 0080

• 0050

.0060

0.11

.16

.21

• 26

,31

• 36

.41

.51

.61

.7t

.81

.91

1.0|

1, ll

1.31
1.5[

1.71
1.9L

2.11

2.31

2,51

2.71

2.91

3,11

3.3L

3. 51

3.7[

3.91

4,11

4.3L

4.5l

Z=21.0 ft _=22,5 ft

0.06

.I1

.16

.21

• 26

•31

• 36

• 46

.56

• 66

• 76

• 86

• 96

1.06

1.26

I. 46

1.66

I. _,6

2. 06

2. 26

2. 46
2.66

2. 86

3.06
3 26

3.46
3.66

3.86

4.06

.t. 26

w'/U_

6,036

• 056

• 056

• 059

•057

•061

• 058

• 059

• 057

• 058

• 058

• 059

• 054

• 054

• 051

• 047

• 042

• 039

• 036

• 029

• 023
.018

.014

.011

.0091

• 0079

• 0071
• 0068

•0062

• 0065

Y

(in.)

I.....

0.01

.06

•|1

.16

•21

• 26
.31

.4i

.51

.61
.71

• 8I

• 91

1,0I

1.21

1.41

1.61

1.81

2.01

2.2t

2.41

2.01

2. 81

3.01

3. 21

3,41

3.91

4.01

4.21

4.41

_ =

• 064

• O('s3

• _0

• 052

• I)45

.011

• 032

• 1125

• OI

.012

,5049

• 0045

• 0043

• 0540

r',!['t [ Y
(in.)

0. O39 O. 06

• 042 , I I

• 044 .16
• 046 .21

• 048 ,26
• 04R ,31

• 049 .36

,053 .46

• 052 ,56

• 053 .66

• 054 .76

• 052 ,86

• 054 ,96

• 053 1.06

• 04_ 1.26

•04g I. 46

• 048 1.66

• 030 1,86

• OA2 2. 06

•042 2, 26

• 032 2. 46

• 020 2. 06

• 024 2. 86

• 022 3.06

• O17 3.26

• 014 3.46

.011 3.66

• 0002 3. _6

• 007_ 4.06

• 0078 4.26

4.46

........ 5. 55

........

Y
(in .) _t ',,' U,

.....

O. 05 $ O. 096
• 10 .103
•15 ! . los
.20 ! ,108

.25 t .113

,30 .114

,35 . 114

.40 .116

.45 .|17

• 55 .117

.65 .114

.75 .116

.85 .117

.95 .119

1, 05 .103

I. 25 1.09
I. 45 1.09

I, 05 .100

1.85 .097

2. O5 .0_9

2, 25 .0_3
2. 45 .117_

2. 65 .07,_

2, 85 . O63

3, 05 .059

3.30 ,052

3. 55 . OtO

3. gO .029

4.05 ,021

4.30 .015

4.55 .012

4.80 .010

5. 05 . C_ll

5. 30 . O09O

.0089

g

(in.)

O. 06

.11

• 16

.21

• 26

• 35

• 40

• 60

.70

• 80

.00

I•00

1.10

I. 30
1.45

1.60

1.80

-'2.00

2.20

2. 40

2.60

2. gO
3. O0

3, 20

3.40

3. 60

.%_,0

1.00

4.26

4.46

4,00

4._,0

5.00

5.05

5. 25

5, ,15

5. 65

• 0055

• 0051

•0040

• 00]3

• r_),l 3

i g _ r"
(in.) ] u /[,

....i

I 0.056
• 15 .058

i o61• 002

• 30 .063

• 35 .060

I .40 ,064

• 50 .063

• 6O ,068

• 70 • 070

.80 ,071

• 90 .072

[ 1, (R) .070

1.10 .070

[ 1.30 ,065

1. ,r¢_
1.70

063
@

• 062

],90
2. 10

O65
l

• 058

2. 35 .0,_

2.60 .051

2. 05 .044

3.10 .038

3.40 .032

3. 70 .024

4.00 .017

4.30 .012

4, 66 ,0095
4.00 .0076

5.'_ ,0067

5, 50 .0067 ]
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TABLE 4. -TURBULENCE INTENSITIES Concluded

o. 04 o. 090
• 09 .083
• 14 .088
• 19 .088
•24 .094
•29 ,091
•34 .093
• 44 .097
•64 ,099
•64 .099
• 74 . 104
•84 .103
• 94 . 104

1.04 , 115
I. 24 . 112
1.44 .127
1.64 .130
1.84 .161
2. 04 .102
2. 22 ,081
2. 54 .083
2. 72 .078
3. 04 .072
3. 34 .069 !
3, 64 . _1
3.94 .056
4.21 .039
4.54 .0'_
4. g4 .017
5. 14 .011
.5. 44 .00go
5. 74 ,0008
6, 0t .0063
6, 34 .0062

x= 23.5 f( .r = 24.5 ft

1 I"'U Y u'J 7' (ill.) '/U, [ (i_.)

..........................]
0.08 0.040 0.04 0. 06I 0, 35 0. 045 0.10

.13 .054 .09 t .065 .40 [ .047 .14

.18 •054 .14 .074 .45 •048 ,19

._3 •056 .10 . 071 . 50 . 046 .29

.28 , 058 . 24 . 074 . 55 . 049 I . 39

• 38 . 060 .32_ . 075 ' . 65 . 051 .,10
• 48 . •063 .. •077 .75 •052 .59
'_ i .063 .14 . O&3 .85 .0,52 .69
.68 , .066 . 54 .084 .95 .057 .79

W_,l( 7 I

O. 056
• O54
• O_
• o54
• 058
• 064
• 063
.061
•063
• Or_3
.062
• 062
• 069
• 070
.070
• 075
• 075
•077
• 079

• 077
• 075
• 074

• 065
.06[
• 050
• 052_
• 043
• 036
• 029
• 020
.015
.011

:oe_8
•0066

0, i8 0.037

• 26 ,044
,31 .043
.36 .012

.040
•"1656 ] .049
.66 I .051
.76 .052
.86 .056
.96 .063

1,06 .052
1.16 .054
1,36 •055
1.56 .053
1.76 .055
1.96 .053
2.16 .053
2.41 .056
2. 66 .048
2.91 .047
3.16 .089
3.40 .036
3.76 .034
4._ .028
4,36 ,022
4.06 .017
4.96 .014
5.26 .010
5. 56 .0077
5. 80 .00_
6, 16 .0065
6. 46 .0059
6.76 .0056

• 78 ! , 064 , 64 ,085 I. 05 . 0,54 . 89
88 .067

• 98 1 .071
1.08 ] .073

1.28 ] ,069
1.48 i .067
1,08 _ .067
I 88 ,065
2 08 ,064
2,33 .I .060
2. 58 ] .058
2.83 ] •054
3.08 ] .05O

3.38 ] .042
3.68 _ •027
3.98 .029
4.28 .OZq
4,58 .016
4.88 .011
5,18 .0080
5,48 .0072
5,78 .0060
6.08

• 74
•84
,04

1.04
1, 24
1.44
1.64
t. g4
2,04
2, 29
2. 54
2, 79
3, 04
3.34

3.64
3.94
4,24

4, 54
4. g4
5.14
5. 4.1

• _60 [ 5, 74

6. 34
6. 04
6. 94
7. 24

I ........

I

• 086
• 085
• 077
• 007
• 098
• 098

• 098
• 099
• 105
,1t2

.100
• 097
• 007
• 091
.086
.081
•066
• 057
• 046
• 042
• 031
• 022
•014
.011
• 008{I
.0067
• 0066

1,15
1.25
1.29
1.35
1, 49
1.55
1.69
1.89
2. 09
2.34
2. 59
2, 84
3.09
3.39
3.69
3.99
4.29
4.50
I. S9
5.19
5. 49
5. 70
6. 09
6. _9
6. 69
6.90
7.."9.
7. 50
7. _0
8,19

• 059
• 057
• 059
•057
•063
• 063
• 062
• 0.58
.063
• 063
• 064
,063
• 050
• 054
• 051
• 046
• 042
.039
•0.'12
•026
•022
•017
•013
.011
• f)O_2
• 0080
• 0078
• 0071
• 0064
• 0064

• 99
• 99

1.09
1.29
I. 49
1.69
1.89
2.09
2.34
2.59
2. g4
3.09
3, 39
3.60
3.99
4,_.
4•59
4, 89
5,19
5. 40

5.79
6._
6. 39
6.69
6. 99
7.:_,

.r= 25.4 ft

-- _ , r Y

..........
I 0,05 ] 0.057 _ O. 13 0•034 0.08

• 036 ,18
.036 ' ._

.15
•30
• 40
• 50
• 60
,70
.80
.90

I. 05
1, 25
t. 45
1.65
I. _5
2. 05
2. 30
2. 55
2. 80
3.05
3.30
3.55
3. 80
4.05
,I. 35
4, 65
4, 95
5. 25
5. 55
5. 85
6,15
6.45
6, 75
7. 05
7. 35
7. 65
7. 95
g. 25
g. 55
8.85

• 002
•072
.08t
.085
091

•08!
•089
•099
• I0!
• 108
•O_
• 108
.il7
• 122
• 126
• 13t
.1_
• 127
• 129
.132
• 121
• 119
• 114
• 105
.102
• 091
.087
• 076
• 065
• 059
.015
• 03,1
•023
.016
•0t2
•010
•0082
•0078

.I3

.13

.16
• 22
.42
,52
• 62
• 72
• g2
• 92

l. 02
1.12
1.32
1.52
I. 72
1.92
2.12
2. 37
2. 62
2._7
3.12
3,42
3. 72
4. C2
4, 32
4.62
4.92
5.22
5.52
5. 82

0,12
6.42
6. 72
7, 02
7. 32
7. 62
7. 92
S. 22
8. 39

• 012
• _t2

.036 .38 .045

.039 .48 ,047

.046 .58 .049

.045 ,08 ,048

.049 .78 •053
• 050 .88 .057
.055 ,08 •055
.057 1,08 .054
.056 1._g .059
.oY_ 1.48 .060
.065 1.08 .0c_)
.o6,1 1.88 .072
• 065 2,08 .568
.071 2,33 ,069
• 069 2.58 .074
.072 2,83 •073
.078 3.08 • 076
.083 3,38 ,075
.081 3, C_ .074
.079 3.08 .075
.082 4.2_ .070
• 081 ,1.58 .066
.079 ,I,8g .059
• 081 5.18 •057
• 073 5.48 .052
.06g 5.78 .049
.057 6.08 .039
• 055 0,38 . 035
•046 6.68 .027
• 041 6.08 .022
.035 7.2_ .015
• 026 7.,_ .011
.020 7._ .0092
,ill5 8.18 .0079
,011 S, 30 .0079
.O09g 8, C_3 .0079
.0098 ..............
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TABLE 5. COEFFICIENT OF TURBULENT SttEARING STRESS

x= 14 ft x= 17.5 ft z220.0 ft

!
C¢t

0. 00t0
• 0039
.0037
.0040
.0037
• 0035
• 0034
,0038
.0031
.0029

•, o . O025

._ .0024•0020
Iio6 .om_
I. 1_ ,0014
1._ .00067
I. ,_ .00026
I.; .00O06
1. _, . O0002
2. f .O0001
2.7 0

Y
(in.)

O.08
.15
• 24
• 36
.50
.67
.86

1.00
1.10
1.34
1. ,52
1.6_
I. 87
2,01
2.14
2, 27
2._
2, 74

Y
(in.',

0. 08
.13
.18

•o024 :_8
.5,8

1:o8
1.2_
1.48
I. 6,'_
I. 8q
2.08
2.28
2. 48
2.68
2. 88
3.98
3.-`28

• 0032
• 00030
.0030
• 0025
• 0025

1._
1.21
1.t0
1._
1.86
2.04
2._
2. M
2. 84

5Z7

• 0022
• 0021
• 0016
.0015
• 0013
.6(X194
• 00066
• 0(Xl45
.00031
•00c_
• 00002

0

• 0021
• O018
.0020
.(1011

• 900.54
• 00028
.00016
.00009
• 0(',002
.000(31

• 0022
• 0123
• 0019
.0014
• 0010
.0005a
.00O25
.o00H
•00005
• 00003
• 00002

0,OOOO1

• 0022
.0018
.0016
.0014
.00O04
.00048
•00024
.00004

0

.90
1.09
1,29
1.40
1.71
1.89
2. 09
2,22
2. 42
2. 65
2, 89
3. 09

Y
(in.) C,t

• O. 0037
• 14 .0038
• 19 .0046
• 24 .0048
.29 .0047
•34 .0045
•39 .0046
.49 .0045
.59 ,0041
.09 .O043
• 79 .0039
•89 .0037
.99 .0034

1.19 .0031
1.39 .0027
1.59 . (iOT2
1.79 .0018
1.99 .0016
2.19 .00ll
2. 39 . O00&q
2.59 .00043
2. 61 ,00027
2. 81 .00022
2.81 . (W_)I 5
a. Ol" .00007

3.21 O' 000023.41

'1

7=20.5 ft x=21.0 ft z=21.O ft z222.5 ft

Y
(in.)

O. OS
• 13

]43
.53

• 93
1, [):t
1.13
1, 23
1.33
I.53

1.93
2,13
2. 33
2.83
2.78
3.03
3._
3.38
3,53
3.63

0. I0
• 15
.19

• 24
• 25
,29
• 34
• 30
• 44
• 49
.54
• 64
• 74
.84

1.04
1.24
1.44
1.64
I. 84
2. 04
2.21
2. ,14
2. 61
2, g4
a. O!
3. 24
3.34
3.45

3.54
3. 74
3. 84
3.94
,I.01
4.20

....... 4.4t

x=2t .5 ft z=22.0 ft

C,_ (ii_.) C,_

O. 0037
• ('_41
• 0040
.001_
. D046
• 0048

.0013

.O0|7
• 0041
• 00,_)
• 00_2
• 0056 -
• 0052
.[',0.48
.0050

004,5
• 0045
• O051
• 0040
• 0042
• 0034
• 0032
• 00-`288
• 0025
.0019
• 0013
• 00080
• 00045
• 0003_
• 00033
• 00021
.00009
• 0000,5
.00007

.00001
• O00n2
• 00001

0.07 j 0.00_
• 12 .0{132
.17 i .0035
• 22 .0011
• 27 , _011
• 3? .0037
• 37 . OO40
• ,12 .0042

• 47 .0045
•52 .0047
• 57 .004[;
• 67 .0014
.77 ,0050
• 87 .00,t8
• 97 .9052

t. 07 . ,9051
1.27 .0044
1.47 . O044
1.67 .0045
1. *;7 .0039
2. 07 .0032
2. 32 .0030
2. 57 .0023
q o,,_ .0016
3.07 ,001t
3. 26 .00072
3. 32 .00072
3. 51 .0003_
3. 76 .0O016
4.Ol .0O009
4.14 . O0001
,I.28 .00005

4.39 .00001

--(U (in.)

Y C,_ Y J C,1

0.3250 O. 0030 Oi t0_,_i 0.0031

.0031 ,001l

:._5 t . o032 ._4
•40 I .o032 .0017
•4.5 I 003-_ .003-.
.55 [ .00_ .0040

I .as [ .00_ .0042
I .75 , . (0.'29. . OO44•_5 I _)29 .0047

.95 ] 0031 •0046
1.o,s ! .a_4._.003l
1 _ .00_ i_:,_ . .oo4_

• _.2._1 .00_ .TS i .o_4r
1.45 I .0024 .g8 i _n04i
1.65 ] .0021 1.08 [ .0044

1,85 t .0018 1.28 .0032
2.05 { .0014 1,,iS , .0031

.0029
1.68

2.25 I "0_4
2.45 [ l,g8 .0022
2, 70 ] ] 00045 2. 08 ; .0021

._2,5 2.33 I .00t4

3.45 l 2,73 i . O00_.3

3.7O[ o00oa 3. 05 t .00031
] (_002 3.33 t .00012

3 83 l .000O2
•00002

0

Y
(in.) C,_

O. Og O. 00_
• 13 ,0033
.1 g .003,1
.2_ . O037
.28 .0039
, _3 . O(kq9
• ._ . O043
,43 .0045
•48 .0043
. ,5.q .004,_
.._ .0043
.r_ .O043
• 7_ .0041
•88 .0047
• 91 .0045
..",8 .0043

1. O1 .0044
1,11 .0044
I. 21 .0040
I. 41 .00,38
I. 61 .0038
I. 81 .0043
2. O1 .0036
2 21 .0030
2. 41 .0,027
2. 61 .0(')21
2.gI .0020
3.O1 . (1015
3.2.3 .O012
3.27 .0012
3,4,_ .0(070
3. 73 . O0031
3.98 .00015

I. 23 .00003
4.48 00002
4, 69 O'
4.74 .00091
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TABLE 5.--COEFFICIENT OF TURBULENT SIIEARING STRESS Concluded

x =23.0 ft

o. 0039
•0026
•01_30

I r=23.5 ft x=24,0 ft

Y C Y c

(in.) '_ (in.) ,l

o. 13 o. 0026 0.05 0, 0017
.18 .0028 I ,10 .0026
.Zq .0029
• 28 .0(_34
•.33 . O0.35
.38 .0O33
•43 .0035
•53 .0040
• 63 .0046
.70 ,0041
• 73 .0044
• 80 .0046
• 83 ,0055 •
• 90 ,0048

I. 00 .0042
|, 20 .0047
1.40 .0049
I. 60 ,0052
1, 80 .0053
2. O0 .0049
2.06 ,0037
2. 20 .0043
2, 26 .0039
2, 46 .0040
2, 66 .00,25
2.86 .0031
3.11 .0026
3.36 ,0023
3.61 . (Ell 9
3.86 ,0014
4.11 ,00093
4.36 .00043
4.61 .00021
4, 86 .00014
5. 11 .00005
5.18 0
5.38 .000l

• 15 .0O34
• 20 .00,31
.25 ,0027
• 30 .0040
,35 .0029
• 40 .0039
• 45 .0034
• 50 .0039
• 55 ,004l
.65 .0045
.75 ,0046
,85 .0047
• 95 .0047

1.05 .0048
1.25 .0048
1.45 .0051
I. 65 .0057
1.85 .0072
2, 05 .0065
2, 25 .0065
2. 50 .0047
2. 75 . OO35
3, 00 .0047
3. 2,5 .0040
3.5O .0032
3. 61 .0038
3.86 .0025
t. 16 .0017
,1. ,16 .00087
4.76 .00037
5.06 .00022
5, 36 .00013

5. 62 005. 82

x=25.0 ft

!! Y
(in.) C,, (in .)

0.1fi 0.0011 0.17
• 15 .0020 .22
• 20 .002,1 .27
• 25 .0021 •37
• 3O .0023 • 40
• 35 .0026 .47
• 40 .0036 .50
• 45 .0037 .60
• 50 .0030 .70
.60 .0045 ,80
•60 .00,32 .88
,70 ,0051 .90

.89_0 .0043 .98. ,0042 1, 08
1.00 .0063 1.13
1, 21 ,006,5 1.18
1,31 .0070 1, 28
1.40 .0071 1.43
I. 51 ,0069 1, 58
l. 71 .0077 I. 73
1.01 .0002 1.93
1.93 . 0087 2.13
2. 04 ,0072 2. _3
2, 13 .0091 2.5.3
2. 23 .0087 2.73
2, ._ .0097 2.98
2. g3 . 0102 3.23
3.13 . 0102 3. 48
3.43 .0090 3, 73
3.65 .0000 4.0,3
3. 73 .0078 4.3.3
3. 95 . 0_54 4.63
4.25 ,0046 4.93
4.55 .0041 5.23
4.85 .0033 5.37
5.35 .0031 5.53
5.45 .0022 5.67
5,75 .0011 5.97
6, 02 .00066 6. 27
6. 05 . 00076 6. 57
6, 36 .00007 6. 87
........... 7. 17
........... 7. 32
........... 7, 39

:r =25.0 fl

Crl

0.0010
.0013
.00_
.00_
.00_
.0026
,0031
,0028
.0035
• 0032
• 0053
• 0040
• 0038
._40
.0000
._2
.0064
.0001
,0064
.0061
,0068
.0081
.0091
,0099
.0087
.0099
.0084
,0091
• 0079
.0081
• 0071
.00_
_0056
.0044
•0033
• 0032
•0025
•0018
•00082
.000._
.00023
,O0O]3
.00007
.00005

z=24.5 ft -x=24.5 ft.

Y Crl
(in.) '

O. 12 O. 00079
.15 .0011
. 17 ,0016
.22 .0013
• 27 .0017
.32 ,0022
.37 ,0020
• 42 .0019
• 47 .0022
• 57 ,0025
.67 .0020
• 68 .00'23
• 77 .00.31
,78 .0021

.88 .0027
1.08 .0031
1.28 .0O31
I, 48 .0043
I. 68 .0045
1.88 .0046
2, 08 .0047
2, 22 ,0048
2.28 .0047
2.42 .0051
2.62 .0043
2.82 .0052
8.12 .0051
3, 42 .0053"
3.72 .0052
4, 02 .00,38
4.32 .00,32
4.641 .0023
4.62 .0021
4.90 .0023
5, 20 .0015
5, 50 .00079
5. 80 .0OO42
6. lO .00011

,r=25.o rt

(in,)

0. 06 o, ('0077
.11 .0014
.21 .0019
•31 .0023
.3l ,0021
.41 .0025
• 5l .0036
• 6l .0034
.71 .0041
• 8I ,0045
• 83 .0044

1.03 .00.51
1.23 .006l
1, 43 .0068
1.51 .0076
1.71 .0073
I. 91 .0075
2. 11 .0074
2. 31 .0076
2.51 .0092
2.71 .0077
2. 91 .0100
3.11 .009_
3,31 .0098
3.51 .0104
3.71 .0085
3.96 .0084
4.07 .0074
i. 23 .0087
4.32 .0072
4, 57 ,0062
4.82 .0041
5.12 .0040
5. 42 ,0029
5, 72 .0020
6. 12 .0012
6. 42 .000_2
6. 72 .00021
7.02 .00010
7, 32 0

Y
(in.)

0.18
.28
•38
•48
.58

78
.88
•98

1.08
1.18
1.38
1.48
1.58
1.68
1.88
2. 08
2.28
2.48
2.¢_
2.88
3. 08
3, 28
3. 48
3.68
3. 88
,I, 13
4.38
t. 62
4.88

5.18
5.48
5.78
6.08
6. 38
6. 68
6. 72
6. 98
7.02
7, 23
7. 52
7.72
7.92

x=25.4 ft

Crl

O. 00050
• 00086
• 00064
.0011
. OOO88
.0013
.0019
• 002"2
• 0031
• 0031
• 0043
• 0047
• 0044
• 0049
• 0040
• 0059
• 0007
.0071
.0077
.0093
•0071
•0071
.0084
• 0086
• 0088
• 0078
• 0072
.0077
.0063
.0065
• 0054
• 0040
• 0037
• 0030
• 0015
.0013
.0012
.0000 _
.0004 I
.0001 r
.0000 )
.0000,_

0

Cf,

O. _22
0021

• 0016
.0015
.0017
.0018
.0022
• 0020
• 0024
• 0027
.0024
.0023
.0031
•0034
.00,35
•0047
.0038

.0(X50

10001
•0066
0045
oo51
0042
oo,3t
0040

00027
00010

0001

17
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TABLE 6.--_-'_-CORRELATION COEFFICIENT

I
z=17.5 ft t x =-"20.0 ft _=21.0 It

I

, I
(in.) uv/u'v'

...........
0. 10 0. 59

• 25 .57

.5O .57• 75 .55

(in.)

I% 10 O, 45

• 25 .5n

• 50 .49

.7,.5 .49

Y

(in.)

O. lO

.25

• 50

• 75

1.00

125

1.50

1.75

2.00

2.25

2.;@

2. 75

3.00

• 55

.55

.&3

•-12

.32

.21

• 14

• 04

1.06

1.25

]. 50

]. 75

2.00

2. 25

2_'¢J

2, 75

3.00

3. 25

• 4_

• 47

• 47

• 4fi

• 44

• 42

.40

• 35

.lq

• 02

1,01)

I. 25

1.50

1.75

2.00

2, 25

230

2, 75

3.00

3. 25

3.50

y,V,,ttt't ,"

O. 37

• ]2

.46

.47

.45

• 45

.43

.42

. 1!

.29

.37

.31

• 27

.18

• O7

x = 22.5 ft z = 23.,5 ft x = 24.3 ft

Y

(in.)

0.10
• 25

.50

• 75

1.0'1

1, 25

I. ?_)

I. 75

2.00

2, 25

2.50

2. 75

3,00

3.25

3.50

3.75

4. O0

4.25

4.50

,I. 7,5

tlr'_/it'_ n

O. t2

.41

.45

.47

.47

.47

.17

.45

.15

.42

• 29

• 34

• 26

• 21

.12

.06

0

(i,,._____ -___
O. 25 O. 22

.50 ._5

].On I .30

r 50 I ,_l
.',.Do _ .37

I
(i_.) ,,'-l,e,.'

O. 25 I O. 39

"'_q i .39

i. oo Io
t. _ .13

2,00 ,14

2, 50 .'12

300 .11

3.5O .In

4. O0 .36

4..50_ 2,10

._.oo o:5. 50

........ ,

=25.4 f t __

O. 25 O, 1l

50 [ .15

l.t"fi) i .2,1

t._ , ,31
2,00 .36

?.50 .38

3.00 ..tn

3. 50 . I1

,1.00 .17

l.Y_ ..l?

5.00 .,12

5.50 .43

6°0 .42

6. r_ .3_

7.00 .2fi

7._ .18

8.00 0

2. 50 ,11

3, O0 .43

3 _q .I,4

I, O0 , ,t5

-I, .5O .42 :

5.00 .3S

5. 50 .30 :

6. rio . 19 :

_.50 0

................. i

............... ]

................ I

TABLE 7.--TRANSVERSE CORRELATION COEFFICIENT

Yi =0.98 in.

• 96

• 59

y1=2.02 hi.

Y_ - Yt
(in .)

y1=0.76 in.

x=17.5 ft

o._1" .84

'._ 49
.41

:62 .22
• 82 ,12 31

1.02 ,068 41

1.22 027 .17

1.42 • 61

_ 67' 97 8t

3_ 1.07--: :..53 1.21
38 I, 27

-:3o ;4o ,.141
_.49 31 02

60 24 05

1o 1o
--", 88 16 20

_8 30--, 96 40

--, 60

Zl: :io4-2

-1:62

11_2
--2. _

Ru

O. 94

• 78

• 70

• 60

• 53

.42

.33

• 27

.16

.10

• 0,'54

.023

0

0

• 93 ]

• 78 t.68

• 51

• 37

• 34

• 25

.17

• 15

.13

Yi = 1.01 hi.

x=20.O ft

yl= 2.03 in.

°.:__i_
01

6

21

27

Y2-Yl
(in.)

0.03

.08

.13

.]8

.23

• 33

.43

• 53

.73

.93

1, 13

I. 33

1.43

1,63

-.102

-.04

-.08

--.13

--.2,3

-. 30

--. 35

--. 48

--, 61

-. 70

--, 71

Y_.-Yi

O, 04 "0, 93

•oo l .82
.14 r 74

1o :¢_
• 24 I .56
•34 } .45

.44 .3,5

54 .33

fi4 .23

21.18

.09I

14 .105

24 .0.58

34 .018

0 03

• 76

15 .68

20 .59

25 ,52

35 .40

43 .31

53 ,27

63 .17

.12

• 93 .083
-. 98 ,055

yl=1.53 in.

(in.) i R_

O. 93

• 07 .85

.12 ' .79

.17 , .72

.22 .65

• 32 .55

• 42 . ,17

.52 .38.62 .32

.21

.92 I .15

1.02 I .10

1.22 .042

1.42 .040

1.67 --.020

1.87 0

2. 87 0
-,02 .90

-. 04 . _q2

-.09 ,75

--. 14 .67

--.24 .53

--. 34 .42
-. 44 .33

-. 64 .24

i. 72 .17

--.84 .16

--.92 .11

--]. I2 ,10

-1.32 .044

O. 02

• 07

.12

.17

• 22

• 32

.42
• 52

• 62
• ,_2

.92

1.02
--. O1

--.13

--. 23

--. 33

--. 48

--. 97
--I. 19

--t. 34

--I, 39

--I. 41

--I. 4g

--I. 49

-- I. 61

--1.75

--I. 95

0.96

.88

• 79

.75

.68

.&.5

.46

.34

.30

.15

._32

0

.96
• 78

• 65
.56

.45

.32

• 24

.14

.078
+ff14

._59

.042

• 027

•Oll

.015

0

O

_s ......

Yl =2.96 it1.

y,_- yl

(in .) R.

o;!i o.91• 82

• 70

.25 . ,18

.30 .39

.35 .37

• fO

. t5

.50

• 55

• 75
• 85

• 95

1.15

1.45

I. 7,5

--. Ol

--.03

--.0_

--. 28

--. 53

--. 73

--. 93

--1.03

--1,23

--1.42

_1.52

.011

0

.33

• 29

.2!

• 24

.18

.14

• 088

• 088

.073

• 067

0

.89

• 84

• 80

.65
• 47

• 34

.18

.12

• 052

• 0_3

0

............................
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TABLE 7.--TRANSVERSE CORRELATION COEFFICIENT--Concluded

i y1=0.85 in. y1_1.45 in.

[ ........

! Y:-_/' J R _/2 -- _/1 R

' (in.) I " (in.) ! J'

EU oo-V
:o_ I 87 I :o_ :s9
.1O .76 ,11 .76

.15 .68 .16 _ .69

.20 .65 .21 i .63

.30 .49 .31 _ 53
1

• 40 .42 .41 _ . 46

• 50 .33 .51 _ .37

.60 I .26 ! .61 .28

.80 I .17 .81 .19
1, O6 , .11 10l .14

1.20 .093 1.21 .12
1 40 [ .067 1.41 .083

1.60 [ • 042 l. 61 . 045

1,80 .O3O 1.81 ,0,51

2. 00 .033 2. OI .028
2 20 0 2.21 0

2 40 I 0 2 51 0
• I •

2.60 0 --.05 .92

--.02 .91 --.10 .79

-.14 I .72 -15 j .73
-- 34 I 44 -- 2'; , 62

-'_9 I "21 I-'35 ' :49
-- 80 I .15 / -- 41 .43
__'_ .... I ......... -.45 ' .40

_._-___[........... 71 ', .25 i-- 91 14 i

Z :_-;-5::::::_-V_:]-l:n :082 '_
.................. --1.31 •051

;--1 41 05l '

Z:_-:Z:::::'_L-_------........ "----_--I,
L:_-iZ::]:::_-:::::::-:7-:: ::2-:::_.]

I
x=22.5 ft. z=23.5 ft.

Yt =2.32 in. y1=2.90 in• yt =3.92 in. y1=0.84 in. y_ =1.54 in. y123.05 in. yt 23.71 in.

y2_-- Y_-_-I r-- y2----_z _--- ' Y_-- Y2----_l 1_-- ' Y_--_ I _ Y_--Y_ ,

......(in.) i R_ (in.)] R, (in.) .I ...........R, _in.) R, (in.) Rv ¢in.: "'" (in.) "'*

0.02 0.96 0.02 0.98 , 0.01 !0.92" o.o3 0.95 002 0.96
.07 .s4 I ,91 t .o6 .87 .07 i .08 .83
.12 .79 .09 .85 .I1 .83 .12 .75 } .I1 .74
.17 j .71 .14 J .78 J .21 .69 .22 .64 , .21 .63

. 22 • 65 . 24 . 68 . 31 . 55 . 32 • 52 . 31 . 54

32 56 .34 .59 .41 .37 .42 .42 .41 .41

• 42 .49 .44 .52 .61 .22 • 52 • 37 ,61 ,34

• 62 • 32 ,64 .35 • 81 .12 .62 .28 .81 .23

.82 .23 .8,1 .2t 1.01 •055 .82 [ ,22 1.01 ] .13 I
1.02 .15 I 04 •098 1.21 097 1.02 .14 1.21 .10
1.22 .094 1.24 .028 1.41 .061 1.22 .12 1.41 .084

1.42 . II 1.44 --. 076 1.61 O 1.42 • 085 l. 71 . 048

1.62 0 1.64 --.05l 1.81 .068 1.62 .04.5 2.01 .026
1.80 0 1.84 --,14 2.01 •051 1.82 .049 2.31 .029

--.02 .94 2.04 --.099 2.41 0 2,02 •015 2.61 0

--.08 [ .80 --.04 .92 --.03 .92 2.22 .016 2.91 0
--•13 .71 --.07 .88 --,08 .86 2.32 .017 --.02 .95

--.23 .60 _.12 .82 --.t3 .76 2.52 .018 --.04 •85

--.33 [ .51 --.22 j ,68 --.23 •60 2.82 O --.09 .78
--.43 .4.5 --.32 .55 --.33 •51 --.08 .97 --.14 .70

--. 63 [ . 28 --. 42 • 46 --. 43 . 39 --. 07 [ • 87 --. 23 . 62

--.83 .18 --,52 .38 --.53 .29 --.11 .82 --.32 .53
--I.03 .12 --.62 .28 --.63 .23 --.18 .59 --.41 .43

-1.o7 .15 J-.s2 .20 -,83 .12 -.41 .30 -60 •27
-1 27 .066 -1.02 ,15 -1.(_3 .097 -.55 .26 -.79 •2.3

--1.47 •040 i--1.22 .092 --1.23 •071 --.73 r .19 --.94 .18 --1:44 :14 --1:2! |:14

-167 042 ,-1.42 .(_0 -1.43 •_ -.s2 L .is -1.14 .11 -1.64 .08s -1.41 I .12
--1.87 .025 --1.62 .038 --1 63 0 ......... I......... --1.34 .12 --1 84 091 I--I 61 / .08

.............. --1.82 .019 --1.83 0 .................. -1.44 t .069 -2.04 .085 !--1.81 | .076

__:__- .... I ......... 1--1,97 : 0 ! ................. ! ......... _......... -1,53 ! .052 ]--2.24 •024 I--2.01 J .O62

.................................... .................. I.................................... 11-244-2'74 .036'°_ I-2.31_2.61....... /[l/ .00_....

-- Yl=0'81l in. . . y1=1.73 ill.

y:--Yl } R Y_.--Yl

(in.) " I (in.) R,

0.03 0.90 0.02 0.95

• 07 .76 .07 .86

.12 .67 .12 .75

• 22 .54 .22 .61

.32 .44 .32 .52

• 42 . 37 . 42 . 42

.62 .2.3 .62 .28

.82 .16 .82

1.02 .12 1.02

1,22 •09l 1.32

1.42 • 045 1.62

I. 72 . 025 1.92

2, 02 .015 2, 22

2.32 0 2,52

2, 62 O --. 02

--.04 .93 --.09

--.10 .75 --.14

--. 15 .69 --. 24

--.20 .fi3 --.34

--. 31 .41 --. 44

--. 51 .33 --. 54
--.69 .2.3 --.64

--.74 .15 --.81

-. 80 • 21 --. 84

........ --I. O[

......... --1.41

....... --1.61

......... --1.74

z224.5 ft x225.4 ft

y_ =5.02 in. Yl =0.98 in• yt =3.06 in. tq=5.93 in. y_26.47 in.
yt=3.00 in. y_=4.01 in.

y_--ll: ! Y-Yl

(in.) n, J }}..)

0. O3 0.90 0.02

.0t [ .90 .08

.o6 [ .82 .o8

.14 [ .76- ,13

.24 [ .64 .2.3

.34 / .51 .33

• 44 .42 .43

0. 95

.92

• 85

• 79

.69

.57

• 48

Y,_ -- Yl
(in,) R,

0.02 0.97

.08 .84

.13 .79

.18 .72

,_3 ,rd;

.33 ,56

• 43 .46

Y2--Yl

0.01 I 0.97

,09 I .84

.14 i .75
• 24 ,r .69

.34 I .55

.44 ! .47
l

.64 ' .39

o-iT-5I
.08 I .9o

.13 I .84

.zI I .71

.33 [ .64
• 43 _ .53
.r_ I .45

• 24 " ,64

,15 .84

.11 " 1.04

• 045 ': 1.24

.022 1.54

0 1.84

0 2.14

.97 2.44

.79 2.74

.72 --.02

.62 --.07

.55 --.12

.49 --. 22

.42 --.32

.34 --•42

• 24 --. 52

• 22 --. 62

.16 --.82

• 10 --1.02

.040 --1.22

O -- 1.42

..... --1.62

..... --I, 82

.... --2.02

.... --2.09

..... --2.22

.... --2.59

..... --2, 71

.32 .63 ,36

.20 .83 .24

.17 1.08 .19

.13 t. 23 .12

.075 I. 43 .075

.041 1.08 0

.026 1.83 O

0 --.O6 .92

0 --.ll ,86

.96 --.21 .75

.88 --.31 ,64

• 81 --.41 .57

.09 --.61 .42

.59 --.81 .32

.46 • " --l.01 .25

.39 --1,21 .22
.32 --1.41 .15

• 27 --I. 61 .II
.17 --1.81 .065

.11 --2. Ol .02.5

• 070 --2. 21 .025

.055 --2.41 .015

• 015 _ --2.6l 0

• 025 ..........

.088 _ ....

.020 .....

0 ! .........

O ......... 7

.03

.83

1.03

1.13

1.33

1.53

1. _3

2.0.3

2.28

--, 01

--.{_5

--.10

--. 20

--. 30
--.40

--. 50

--. 60

--. 80

--1.00
--1.20

--1.40

--1.60

--1.80

--2,00

--2. 30

--2. 50

• 24 .84 ' .35

.15 1.04 .25

O 1.24 .18

--.04 1.44 i .15

--.09 1.64 .070

--.10 1.84 i .0_7
--. 055 2.04 .022

--.13 ] 2. 24 0

0 ; 2.44 0

.99 --. O1 .99

.88 --.02 : .97
• 81 --.05 1 .89

.71 -lo i .TS

.59 --.15 ; .6l

,52 --. 20 i .71
.44 --. 25 _ .58

.40 --.30 ] •44

.30 --.35 I, .37

.22 --.49 ] .49

.17 --.45 ',, .33

.12 --.58 ] .36

.O69 ! -- 68 34

.o68 I -.78 ] .53

.83

1.0.3

1.23

1.43

1.03
1.83

2.08
2.23

2. 43
2.63

2. 83

• 02

--.06
--.11

--.21

--.31

--.41

--.61

--.81

--1.01

--1.21

--1.41

-- 1.61

--1.81

--2. Ol

.35

._'26

• 20

.17

.13

.11

.060 I.1145

.o2_ !
0

0
.98

.89

.79

.¢)8

.61

.5,3

.41

.33

.28

.22

.15

.095

0

0

(in.i

0.0

.0

.1

.2

.2

.3

.4

.6

.8
1.0

1.2

1.4

1.6

-.0

-.0

--•1,

-. 3,

-• 4,

-.0
-. 8,

--1.0

-1.2

-1• 4

--1,¢_

--1.8_

--2,0

--2.2

--2, 4_

--2. e_

--2. 8,

--3.0

Y: --Yl
R_ (in.) R_

0. O6 O. Ol 0.96

• 95 .08 .83

.86 ,13 •79

• 81 .23 • 71
.76 .33 .60

.73 .43 .45

.64 .rr3 .31

.58 .83 .O65

.41 1.08 •0.51

• 35 1.23 0

• 17 1.43 -. 070

• 074 1, C_3 -. 135

0 1.83 -. 095

O 2.03 =.O60

.97 2. 23 0

.89 2.43 9

• 84 ..........

• 73 ..........

• 58 ..........

• 54 ..........

• 42 ..........

.31 ..........

.'20 ..........

.16

I .....
.0.54 I ....

°•°28 2II i
0 017 I ..........
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TABLE 8.--LONGITUDINAL CORRELATION COEFFICIENT

xl = 17.5 ft $_ = 20.0 ft

y=0.97in.

x2--xt Rt
(in.)

0.07, 0.95

• 15 .84

.3l .78
• 51 .70

,81 .53

1.11 .49

1.51 .34

2.01 .23

2. 51 .14

3.01 .12

3. 51 ,075

4. O1 .058

4. 51 ,038

5. O1 0

--.C_ .97

--.08 .92

--.13 .88

--,28 .74

--.4g .68

--.78 .59

--1.08 .49

-- 1.48 .35

--1.98 .23

--2, 48 .22

--2.98 .14

--3. 48 .10

--3. 98 .043

--4.44 .02_

--4. 98 0

xt ffi22.5 ft

y=2.32 in.

-_,_ -- £'1 Rz
(in.) i

0.0_ 0,94

.00 .91

.16 .87

• 31 .76

.51 .65

.81 .52

1,11 .38

1.51 .28
2. O1 20

2. 51 .12

3.01 .040

3. 51 .019

4.(_ 0--. .97

.92-- .9!

--.29 .79

--. 49 .65

--. 79 .51

--1,00 .38

--1.49 .26
--1.99 ! .13

--2. 49 . I0

--2.99 .055

--3. 49 0

y=2.01 in. y=0,47 in.

x_--xt Rz
(in.)

0.10_5 0.88.83
130 .72

.50 .53

.80 .44

1.10 .29

1.50 .17

2.00 .13

2.50 .10

3.00 .DSO

3.50 .049

4.00 0

4.50 .015
5,00 ,035

5.50 0

--.03 .81

--.0_ .80
--.28 .61

--. 48 .49

--. 78 .44
--1.08 .32

--1.48 .28

--1.98 ,20

--2, 48 .15

--2. 98 . 12

--3. 48 .13

--3.98 .059

--4.48 .042

--4.98 .025

--5. 48 .025

xl = 24.5 ft

y=1.55 in. y= 2.56 in.

12 --xl
R, (in.)

0.89 0.05

.83 .10

.70 ,20

.69 .40

.63 .60

.56 .90

.48 1.20

.42 1.50

.36 2.00

.34 2.50

• 25 3.00

.22 3,50

.11 4.00

.14 4.51

.071 &00

.028 --.04

0 --.06

.97 -.11

.97 --. 21

.95 --, 41

.82 --. 6t
• 71 --. 91

.62 --1.21

.51 --I. 51

.37 --2. Ol

.32 Z_.sl.24 Ol

.15 -s: 51

.13 --4. Ol

.10 ........

.10 ........

.071 ........

0 .028

_2--XI I" /82--*_1

(in.) R. (in,)
!--

0.0_ 0.89 0.07.85 .12

1 15 .79 ,22

,23 .71 .32

• 33 .70 .52

.53 .59 .72

.73 .48 .92

1.01 .38 1.12

1.33 .32 1, 32

1.63 .27 1,53

2.03 .20 1.84

2.43 .17 2,12

2.83 .]2 ! 2.62

3. 33 .085 3, 02

3.83 •054 3.52

4.33 .053 4.02

5.33 .050 4,52

5.83 0 --.02

--,02 .98 --.05

--.05 .96 -,10

--.14 .82 --,20

--,20 .71 --.40

-.49 .60 --.60

--.79 .44 --.90

-1.09 .33 -1.20

--1.49 .22 -1.50

--1.99 .15 -2. C_

-2. 49 . 11 -2. 50

--2,99 .059 --3.00
-3. 40 . _56 -3.50

--3. 99 .025 -3. 84

--4.69 .049 -4.34

--5. 19 .015 -4.84

--5. 69 0 --5, 34

-6. 19 0 ........ !
I

xl _25.4 ft

. =

Rz

0.95

.88

.82

.65

.5O

.44

.18

• 094

.077

.0.38

.040

.022

0

0

.91

.92

.88

.77

.60

.51

.34

.24

.21

.12

i O'

0

y=3.01 in. y=0.98 in. y=3.66 in. [ y=5,96 in.
)

(in.) R_ (in)

I

0.03 ] 0.96 0.03

.08 1 ,91 .10

.15 .86 ,17

• 30 .78 .32

.50 .07 .52

.85 .53 .82

1. lO i 36 1.12

1.50 i 33 1:52
2.00 20 2.02

2.50 .16 2.52

3.00 .[0 3.02

3. 50 .055 3. 52

4.00 0 4.02

-. O_ .97 4, 52

--.D9 .94 --,0,3

--.17 .84 -,08

--.32 .76 --,28
--.52 .65 --.48

--.82 .&5 _.78

--1.12 .39 --1,08

--I. 52 _ . 28 --1.48

--2.02 ,18 --t.98

--2, 52 .13 --2. 48

--3.02 .095 --2,98

--3.52 i . 038 --3. 48
--4.02 i ,019 --3.98

--4.52 ! 0 --4.48

................. [ --5. O0

Rz
(in.)

Rz

0.94 0.02 0.97

• 92 j .07 .96
.86 _ .14 .89

• 75 .29 .78

.60 .49 . 68

.54 ,79 ,56

,48 1.00 .40

,32 1.49 .37
.26 1.99 ,22

.13 2.49 .17

.19 2.99 .15

• 077 3.49 .H
._34 3.99 04"

0 4.49
._q 4.99 I

,92 --.03 .�d

.81 .0_ .94

.67 --,15 ,90

.47 --.30 .82

,45 --.50 .69

• 30 -.80 .60

• 26 --1.10 .49

• 21 --1,50 .39

.16 --2.00 .26

,I0 --2.50 .15

.15 --3.00 .14

• 058 --3. 50 ,1t

0 --4.00 .085
--4. 50 .018

--5.00 0

(in.)

0.03

.09

.16

,31

• 51

1. I1

I, 51

2. Ol

2.51

3. Ol

3.51

4. O1

4.51

5, O1

--.03

--. 07

-.15

-. 30

-1.10

--].rod

--2.00
--2. 50

--3.00

--3.,50

--4.00

--4..50

I --5.00

Rz

O, 97

.94

.92

.76

.62

.42

.50

.34

.26

.16

.10

.07,6

.039

0

0

I .99
.99
.92

.83

.7,5

.60

.51
I .36

.15

.10

. Og4

_ .095

0
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